Described in this paper is a novel approach to four-dimensional ͑4D͒ computer-aided design ͑CAD͒. It involves a two-way symbiotic relationship between three-dimensional ͑3D͒ CAD software and a software implementation of linear planning that includes the ability to define a project product model and associate it with the process model. Strengths of the approach include the ability to readily modify construction sequences and examine their consequences using 4D CAD, and the ability to treat very large scale projects marked by significant repetition of their components. By building on a shared image of the project product model from both a design and construction perspective, the CAD model can be structured in a way that facilitates communication with the scheduling software and vice versa. Various challenges involved in making the 2-way process work are described, including consistency of product representation in the CAD and scheduling models, and the need to group CAD components at different levels of detail and locations to reflect the kinds of aggregation found in schedule representations of a project. The benefits of the approach include the ease with which different scheduling strategies can be explored and visualized, the links between 3D objects and activities can be maintained, and the completeness of the product model representations can be validated. A case study is used to illustrate the approach adopted and the challenges involved.
Introduction
Assessing the constructability of a design can be a significant challenge ͑Tabesh and Staub-French 2006͒ , as can assessing the quality and workability of a schedule ͑Russell and Udaipurwala 2000͒. Getting both the design and schedule "right" contributes significantly to timely delivery within budget and reduces the potential for changes and disputes. Three-dimensional computeraided design ͑3D CAD͒ allows designers, the client and construction personnel alike to assess the responsiveness of a design to client needs, the potential for design errors in terms of conflicts and overly constrained working spaces, and the ease with which components and systems can be constructed. From a scheduling perspective, and especially for large scale projects, schedule visualizations using traditional means, such as a bar chart or a time-scaled network diagram, although useful, offer limited assistance in assessing the quality/workability of a schedule, even when extensive filtering features are employed. Four-dimensional ͑4D͒ CAD offers the potential to animate a schedule thereby allowing an assessment of its correctness and workability to be made ͑e.g., Koo and Fischer 2000; Messner et al. 2003; Akinci et al. 2003͒ . It also offers the potential to reassess elements of the design or construction strategy to enhance constructability ͑Staub and Fischer 1998͒.
To date, considerable work has been done on 4D CAD, and strengths and weaknesses of the current-state-of-the-art have been examined ͑e.g., McKinney and Fischer 1998; Staub-French and Fisher 2001; Heesom and Mahdjuobi 2004͒ . One area of difficulty is the ease with which a connection can be made and modified between the CAD model and the scheduling model in order to assess the implications of different design features and alternative construction strategies in terms of methods, sequencing, and space utilization. We seek to address this area of difficulty in the context of projects characterized by significant repetition-e.g., high-rise building, housing, bridge, tunnel, highway, and elevated guideway projects. In so doing, we make use of a generalized implementation of linear planning ͑LP͒ ͑Russell and Wong 1993; Russell et al. 2006͒ in the context of a multiview representation ͑Russell and Udaipurwala 2004͒ of a project. ͑We use the terms linear planning and linear scheduling interchangeably herein.͒ For the class of projects examined, the two-dimensional ͑2D͒ representation ͑time and location͒ of a schedule in a LP chart form provides significant incremental insights into the quality and workability of a schedule, as well as assisting in the development of a mental image of project status at different points in time. Nevertheless, still missing is a detailed linkage between what is being built and how it is being built.
Set out in this paper is an approach for forging a linkage between CAD and linear planning. The key element in this approach is having a product model on the scheduling side as well as the CAD side. A mapping between the two product models allows for the two-way flow of information-quantity information from CAD to scheduling and component status at different points in time from scheduling to CAD. The challenges in making the twoway process work include consistency of product representation in the CAD and scheduling models, and the need to group CAD components at different levels of detail and locations to reflect the kinds of aggregation found in schedule representations of a project. The benefits of the approach include the ease with which different scheduling strategies can be explored and visualized, the links between 3D objects and activities can be maintained, and the completeness of the product model representations can be validated.
The paper is structured as follows. A short introduction to the case study and challenges involved are presented. Then, a brief description of the tools used in demonstrating proof of concept is given. Emphasis is placed on the features of the linear planning model implementation central to interfacing with CAD. A stepby-step process is then described for creating 4D images, with important challenges highlighted. Findings are then summarized and ongoing work outlined.
Case Study
The case study focuses on a six-story condominium project, which we have named UpperCrust Manor ͑Russell and Udaipurwala 2005͒. The building is located in Vancouver, British Columbia with construction to be completed in August, 2004. The ground floor houses 4 suites, floors two-five house three suites per floor, and the sixth floor houses two penthouse suites. The mechanical penthouse houses elevator and ventilation equipment. The lot dimensions are 40.2 m ͑132 ft͒ ͑frontage͒ by 35.6 m ͑116 ft͒ with a building floor plate of 455 m 2 ͑4,900 ft 2 , 70 ft by 70 ft͒, exclusive of balconies. Floor to ceiling height in the parkade is 2.4 m ͑8 ft͒; for all other floors, it is 2.7 m ͑9 ft͒. Fig. 1 shows a 3D rendering of the UpperCrust Manor project.
This project captures the essence of real-world projects, both in terms of scale and complexity. The 3D design includes multiple classes of objects, multiple levels, and multiple drawings. The foundation consists of spread footings, with different sizes for perimeter walls, columns, and the core. For the substructure and superstructure, walls are typically 30.5 cm ͑12 in.͒ thick ͑except for the interior wall in the stairwell which is 20.3 cm ͑8 in.͒ thick. Columns measure 0.3 by 0.6 m ͑1 ft by 2 ft͒, except for corner columns in the superstructure, which measure 0.3 by 0.3 m ͑1 ft by 1 ft͒. The slab on grade is 10.1 cm ͑4 in.͒ thick, the main floor slab is 20.3 cm ͑8 in.͒ thick, and the floor slab on typical floors is 17.8 cm ͑7 in.͒ thick.
The important thing to note here is the variability in component sizing and distribution of components across levels. There is variation in component sizing both across a single level ͑e.g., different sized columns on each floor͒ and across multiple levels ͑e.g., different column types from floor to floor͒. This creates Mappings between CAD and REPCON product models for six-story project, including ͑1͒ locations; ͑2͒ components; and ͑3͒ attributes challenges in both modeling the necessary elements, and mapping those elements to related schedule activities, described later.
Systems Used
The two primary tools used in demonstrating proof of concept are Autodesk's Architectural Desktop ͑ADT͒, and REPCON ͑Russell and Udaipurwala 2004͒, a research system developed at the University of British Columbia. The linkage between the two tools is by way of a Microsoft ͑MS͒ Access database application ͑described later͒ which allows mappings to be made between the product model objects in ADT and the product view in REPCON. This is illustrated in Fig. 1 with respect to the mapping of levels in ADT to locations in REPCON ͑1͒, along with product model mappings of physical elements ͑2͒ and attributes ͑3͒ between the two systems. We chose to work with MS Access for the linking program because of its ease of use and availability. We recognize that there are more robust programming applications available to interface with ADT, particularly if one is a member of the Autodesk Developer Network. MS Access is limited in its ability to interact directly with CAD data resulting in some inefficiencies when exchanging data. However, this did not limit the functionality of the linking application and we were able to successfully demonstrate proof of concept, our primary focus.
We modeled the project in ADT because of its ability to create Building Information Models, semantically rich information models of construction projects that include both 3D geometric information ͑e.g., component dimensions͒, along with nongeometric properties ͑e.g., material properties͒. Fig. 1 shows the "Concrete Core" object ͑known as a Wall Style in ADT͒ and a specific wall's properties. Note that the properties listed include typical dimensional properties included with ADT ͑e.g., Length and Height͒, as well as user-defined properties ͑e.g., Formwork Area͒. The object styles in ADT are critical for linking with REPCON components and the object attributes will be shared with REPCON to derive component quantities.
Featured in Fig. 2 are aspects of the linear planning implementation central to the 4D-CAD work. Shown in Fig. 2͑a͒ is the product model view ͓called the physical component breakdown structure ͑PCBS͔͒ in REPCON. A partial breakdown of the physical components for the example project is given on the left-hand side of Fig. 2͑a͒ . In simple terms, the breakdown structure can be thought of as having two main branches: ͑1͒ location sets and their members ͑shown as a physical location set and individual locations identified, and a procurement sequence location set, members not shown͒; and ͑2͒ physical components arranged in a hierarchical fashion ͑e.g., system, subsystem, element, etc.͒. Each physical component can be described by user specified attributes ͑upper right-hand corner͒, and values assigned by defining at which locations the attributes apply ͑see PCBS Planned Attribute Value screen͒, thus forging a link between the two branches of the PCBS tree. The intent of the product model on the scheduling side is to provide management personnel with information central to the management tasks of gauging productivity and production rates, tracking changes, and explaining reasons for performance-it is not meant to replace the kind of detail contained in the project's drawings.
Shown in Fig. 2͑c͒ is the process view aspect of the system, with the activity structures listed on the left-hand side, and two schedule representations shown on the right-hand side in the form of a standard bar chart and a linear planning chart. We note in passing the additional value offered by the LP in terms of assess-ing how well production rates are matched, opportunities for work continuity, the potential for work congestion, and for "visualizing" project progress at a given point in time. Central to the 4D work is the ability to make associations between the product and physical views on the scheduling side. An example is shown in Fig. 2͑b͒ with respect to mapping the PCBS Subelement Columns, which forms part of the PCBS Subsystem Superstructure structural system, onto the two activity planning structures-F/P/S columns ͑form, pour, strip͒ and Reinforce columns. Considerable power exists in this association, as all shared location instances of the physical components and associated activities are treated in Fig. 2͑c͒ . Differences in granularity between the product and process views can pose challenges. For example, schedule breakdowns may be more coarse than physical component breakdowns, resulting in many-to-one relationships-i.e., multiple physical components to one activity structure ͑as noted in the example, the converse also occurs͒. Fig. 3 illustrates the four main steps involved in interfacing the 3D model with the scheduling system to allow a two-way flow of information to calculate quantities used for scheduling and productivity analysis, check product and process model consistency, and create a 4D simulation. The miniature screen captures in Fig. 3 are meant to act as icons to help the reader better understand the integration of the components involved. In what follows, we examine briefly each of these steps, and treat in turn, where relevant, inputs and outputs, processes within, constraints to observe in order to facilitate communication between systems, and challenges, both from a system and user perspective.
Approach for Integrating 3D/4D and Linear Planning

Step 1: Formulation of Product and Process Views in REPCON and Coordination with CAD
Step 1 involves the formulation of the project product ͑PCBS͒ and process views in the scheduling system in terms of hierarchically structured components, component attribute definitions, and attribute values.
Inputs and Outputs
Scheduler input for the product view includes characterization of the project in terms of locations, physical components, and component attribute definitions of interest for managing the construction process and capturing as-built information. In terms of output from this view, it is this breakdown that must be coordinated with and communicated to the CAD system, in the form of a PCBS database as shown in Fig. 3 . Automated input to this step, which has yet to be fully implemented in the scheduling model, involves the derivation of attribute values from CAD model attributes and their assignment to the appropriate locations in the PCBS model-the quantities box in Fig. 3 . With respect to the process model in Step 1, input from the scheduler consists of a representation of the project in terms of a set of activity structures. Properties of these structures include the locations at which work is to be performed and the sequence in which locations are to be worked, production rates at each location ͑this is where quantity information for PCBS component attributes fed back from the CAD model comes into play͒, and logic linking the activities as well as other date constraints. Other scheduler input deals with linking the product and process views ͑refer back to Fig. 1͒ . Output from the process consists of Time Contour information in the form of a comma delimited file which is imported into an MS Excel spreadsheet, given the mapping between the product and process views, and a progress date or series of progress dates specified by the user. Specifically, given the breakdown of activity work on a location by location basis, the corresponding physical components are flagged as either being completed ͑value of 1͒, or not yet started ͑value of 0͒ as of a specific progress date. We currently do not represent elements that are partially complete.
Processes
Internal processes for the PCBS view consist of downward inheritance as specified by the user of attribute definitions ͑thereby speeding the task of defining properties͒, and upward aggregation of attribute values to upper level components in the hierarchy which can be used for productivity analysis, etc. For the product view, internal processes deal with computation of durations as a function of associated component attribute values, productivity information and resource levels ͑as noted, not yet implemented͒, and schedule calculations.
Constraints
With respect to constraints, care must be taken to coordinate the definition of locations/levels ͑in general the CAD model will reflect only a subset of the locations defined in the scheduling sys-tem͒ and the vocabulary used to define attributes of interest. In general, far more attribute information is available in the CAD model, and attributes relevant for scheduling are derived from operations on a number of CAD object parameters-e.g., formwork area or concrete volume for all columns on a location by location basis.
Challenges
A number of challenges exist, including: Treatment of PCBS components not normally represented in a CAD model ͑e.g., excavation, shoring systems, temporary facilities like scaffolding, etc.͒; the desire to work with collections of components on the PCBS side versus single instances of a component on the CAD side; different naming conventions in CAD versus scheduling; the need to structure the CAD representation level by level; the depiction of partially completed components; and, the duration calculation process when multiple components are associated with a single activity structure.
Step 2: Formulation of 3D Model in ADT
This step involves the creation of the 3D model in a way that is consistent with the PCBS.
Inputs and Outputs
Of particular importance in creating the 3D model is the way objects are defined ͑Styles in ADT͒ and locations are specified ͑Levels in ADT͒. Generally, the Style Manager is a central mechanism for defining and maintaining object styles. Users can rely on built-in styles or create their own styles from scratch for a particular project. When a new style is created for a particular component class ͑e.g., a new wall style͒, that style instance inherits the generic properties of that object. New styles are needed if a project component has a different composition or geometry. For example, all columns that are different sizes and shapes will need a different style. Users can also create new properties and set up custom calculations for determining that property value ͑e.g., Formwork Area͒. Users also define the Levels in ADT, which correspond to a specific elevation, allowing CAD objects to inherit the level ID from the level of drawings. Multiple drawings can be associated with a specific Level. CAD information can be exported using a built-in command in ADT. We exported the CAD data in the form of MS Access mdb files ͑see Fig. 3͒ . The number of individual databases is equivalent to the number of drawings. Because each level in ADT may contain multiple drawings the focus here is on drawings rather than levels. The formats of the output databases are primarily dictated by ADT and the user has very little control in determining their structure, which creates challenges in organizing these data ͑discussed in Step 3͒. The databases contain multiple tables creating links between various ADT objects, styles, and property sets. The many databases created for a project in ADT need to be combined into a single database to support the linking with REPCON components ͑refer to Step 3͒.
Processes
Internal processes relate to the object-based nature of ADT models that feature data "objects" to represent building components, such as doors, walls, and windows. These objects store symbolic data about a building ͑e.g., material properties͒ in a logical structure with the 3D building graphics ͑the geometry͒, and they interact with each other intelligently ͑e.g., if you move or delete a wall, the window in the wall reacts accordingly͒. Users can extract useful information from the model, such as component quantities and attributes. We selected ADT for this research because it provides this kind of functionality.
Constraints
As stated in the previous step, users should coordinate the definition of levels so that they are identical to locations specified in the PCBS. In our environment, the Level ID in CAD corresponds to the Location Code in REPCON. The Style Names are also critical for mapping CAD objects to PCBS components. We found that it was necessary to create new styles in ADT rather than using built-in styles because we needed the flexibility in style naming and the ability to create a variety of user-defined object attributes. In addition, users should specify the component attributes that will be required for the scheduling system so that they can be properly set up and included in the model. For example, the Concrete Core wall requires properties for the Formwork Area, which can be derived by summing the two CAD properties Area-LeftNet and Area-RightNet ͑see Fig. 1͒ .
Challenges
In addition to the challenges identified in Step 1 for setting up the PCBS, objects modeled in ADT should also consider the physical representation of objects from the construction perspective. In other words, they should reflect how objects are built in reality and adjust the model accordingly. For example, concrete columns for each level should not run from Levels 1 to 6, but should be modeled separately on each level because they will be linked to different locations in REPCON.
Step 3: Create Integrated CAD-PCBS Model
This step deals with the mapping of ADT objects to PCBS objects to create an integrated model.
Inputs and Outputs
This step involves a two-way flow of information: ͑1͒ The CAD to PCBS path; and ͑2͒ the PCBS to CAD path ͑Fig. 3͒. In the CAD to PCBS path, a single database is created that contains all CAD and PCBS objects, and quantity information is transferred from CAD objects to PCBS components. Inputs are the PCBS database and the CAD databases. Users have to select the specific ADT databases ͑drawings for the different levels͒ and styles ͑classes of components͒ that are of interest to link with REPCON. The result of this step is a single database that contains all objects for one project. We use an intermediate linking program to extract from REPCON the PCBS components and locations in the form of a comma delimited file. Although yet to be implemented, the existence of the single database provides the basis for exporting attribute values to REPCON for calculating activity durations and conducting productivity analysis. In the PCBS to CAD path, process information for PCBS components is used to generate 4D Snapshots. The input is the Time Contour showing the completion of PCBS components over time. The output consists of a set of filtered CAD Objects for creating 4D snapshots.
Processes
As shown in Fig. 4 , the main processes carried out in this step relate to the aggregation of ADT objects across styles ͓Fig. 4͑a͔͒ and locations ͓Fig. 4͑b͔͒, the creation of linkages between PCBS components and CAD Styles ͓Fig. 4͑c͔͒, and the assignment of attribute values to PCBS components ͓Fig. 4͑d͔͒.
Select the Style and Attribute Aggregation Method. This task allows users to select the CAD style to be aggregated and define how CAD object attribute values are treated in the aggregation process. Fig. 4͑a͒ shows the Concrete Core wall style selected and some of the attributes defined for that style. There are different types of attributes, so the system must be able to accommodate different modes of aggregation. For example, to aggregate all the Concrete Core Walls on Level 2 to link with the corresponding PCBS component, the different attribute values must also be aggregated for that level. We currently support three aggregation modes: ͑1͒ Sum up attribute values ͑e.g., Formwork Area͒, ͑2͒ leave attribute values unchanged ͑e.g., Style Names͒, or ͑3͒ delete attribute ͑e.g., Object ID, which is not useful at an aggregated level͒. Users first choose the style from ADT and equivalent attributes to transfer to PCBS components, and then choose the aggregation mode for the different attributes, as shown in Fig. 4͑a͒ for some of the attributes of the Concrete Core object.
Group Objects by Styles at Individual Locations. In this task, objects are grouped together by style at specified locations ͓Fig. 4͑b͔͒. Users must select the Location ID ͑Level ID in ADT͒ for the style selected previously. The two main variables that drive this process are the Level ID ͑which is embedded into each object extracted from ADT͒, and the aggregation mode described earlier. As observed earlier, the Level ID in ADT objects must match the Location ID in REPCON to facilitate linking. The result is a consolidated database of objects grouped by location ID.
The formulation of the consolidated database of CAD objects in MS Access requires the execution of multiple grouping routines due to the fragmented nature of the exported CAD databases. Each drawing is exported as a single database and each database contains multiple tables. As shown in Fig. 5 , the structure of one database contains multiple tables with linkages between objects and styles. Objects are nested together by styles which have the same property data set ͑which describe the attributes to be attached to the objects in an extended data prop-erty͒. This structure creates challenges because our focus is on the CAD style rather than the property set, and because different drawings have different structures of objects. In our application, the user chooses the style names to be imported from each of the individual CAD databases. Then, the application executes several routines to extract the CAD style names and the related objects and properties from the different project databases, and then groups all objects of the same type across the different locations.
Link PCBS Components and CAD Styles at Specific Locations.
This task involves the user choosing the style to be linked with PCBS components at specific locations. Due to the differ-ences between CAD modelers and schedulers in terms of component naming conventions, and the different levels of detail that schedulers may require, multiple types of mappings between CAD objects and PCBS components need to be supported. Table  1 shows the different mappings required to link the CAD and linear planning product models. There are several instances where many CAD styles might be linked to one PCBS component. This situation may exist if multiple styles are needed to represent a component ͑e.g., multiple column styles for different column sizes͒ or if PCBS components are represented at a coarser level of granularity ͑e.g., for the PCBS component "Build Verticals," all work associated with physical vertical components would need to be mapped onto this single component͒. Similarly, there are several instances where one CAD style might be linked with different PCBS components. For example, the Concrete Core Style in CAD is linked with the Concrete Core Subelement of the Substructure Structural System Component PR.02.01 at the parkade location, and with the Superstructure Structural System Component PR.02.02.01.03 from the ground floor ͑GFLR͒ to the roof ͑MPHRF͒ ͓Fig. 2͑a͔͒. Finally, there are instances where many CAD styles may need to be mapped onto many PCBS components. This typically occurs when there is a high degree of variability on the design side ͑e.g., multiple wall sizes on multiple floors͒ and there is a higher level of detail on the scheduling side ͑e.g., work is divided into Substructure and Superstructure͒. Due to the different types of mappings required and the need for flexibility in terms of how CAD objects and PCBS components are defined, we have not fully automated this step.
Assign Aggregated Attribute Values to REPCON. The assignment module allows users to assign the attribute values of a group at the aggregated level to the PCBS components. Currently, this is a manual process. Users must select the style's attributes to be assigned the calculated values in the PCBS components ͓Fig. 4͑d͔͒. The result can then be transferred back to REPCON in the form of a comma delimited file. Table 2 shows an example of the quantities calculated for different PCBS components and locations in REPCON based on the CAD attribute values. Note that the quantities are aggregated at different levels of detail to suit the needs of the scheduler. Quantities are aggregated at the site level ͑e.g., gross area of the ground floor͒, at the component class level ͑e.g., the formwork area of the concrete core͒, and at the component type level ͑e.g., the formwork area for 1 ϫ 1 and 1 ϫ 2 col-umns͒ for different locations.
Challenges
The issues encountered in this step center around the differences between the product model representations, and the omissions or gaps in the different product views. The challenge lies in developing an approach that does not overly constrain the users, on Fig. 4 . System user interface for: ͑a͒ selecting the style and aggregation method; ͑b͒ grouping the objects by location; ͑c͒ linking PCBS components and CAD styles at individual locations; and ͑d͒ assigning the aggregated attribute values both the CAD and scheduling sides. Tensions exist in terms of the degree of flexibility permitted, the user input required, and the degree of automation provided. This tension is most evident when dealing with the different types of mappings between CAD and REPCON ͑Table 1͒. As noted previously, in CAD, the designation of a style name is based on the appearance of objects ͑composition of objects͒. For example, if the columns or core at each level is made up of different sizes or shapes, then they would require a different style. However, in REPCON, we have much more flexibility in terms of defining the level of detail of the project product model. REPCON is structured as a hierarchy of components including both locations and physical components. Each component can be described in terms of a number of user-specified attributes, which can be quantitative, linguistic, or Boolean. Those attribute values can be aggregated at any level in the hierarchy. This allows us to work at a coarser granularity when doing things like checking productivity, estimating activity durations, etc. Schedulers can also work at a more detailed level ͑e.g., tracking 1 ϫ 1 and 1 ϫ 2 columns separately͒ if they choose. The variability in design details as represented by styles and the variability in levels of detail on the scheduling side make it challenging to automate this mapping process without overly constraining the user. We have chosen to use a semi-automated approach that requires some user input at this stage but we will continue to work through these issues.
Step 4: Create 4D Snapshots
The linkages between PCBS and CAD objects are combined with the Time Contour generated from REPCON to create 4D visualizations in ADT.
Inputs and Outputs
The key input to this step is the filtered CAD Objects, which correspond to the CAD objects that are associated with completed construction activities. The CAD objects are filtered based on the Time Contour generated by REPCON ͑described in Step 1͒, which shows the status of construction of the physical components ͑either completed or not yet started͒ for each location based on the date specified by the user. The output of this step is a 4D Snapshot ͑or a series of 4D snapshots͒ at each progress date generated from REPCON that graphically highlights the completed construction activities ͑Fig. 7͒. One to many Mapping of one CAD style to many PCBS components.
Concrete core: The concrete core is mapped onto PCBS components for "substructure" and "superstructure." Variability within and across locations
Many to many
Mapping of many CAD styles to many PCBS components.
Concrete core: If the concrete core has some variation in size ͑e.g., wall thickness͒ then multiple CAD styles would be mapped to multiple PCBS components.
Processes
The internal processes in this step deal with identifying those CAD objects that correspond to completed construction activities for the different locations and making them visible in CAD. Fig.  6 graphically illustrates the process for creating 4D snapshots.
Import Time Contour.
The Time Contour is imported into the MS Access linking program. The Time Contour flags the physical components as either being completed ͑value of 1͒, or not yet started ͑value of 0͒ as of a specific progress date, given the break down of activity work on a location by location basis.
Identify "Finished" Objects in ADT. For a specific progress date, based on the mapping of CAD styles and PCBS components, we follow the mapping of PCBS components to identify the "finished" CAD objects.
Create Table of
Filtered CAD Objects. The finished CAD objects are then put into one table with all attributes that are necessary for referencing the CAD objects in the project drawings. Currently, we use the style name and two attributes to reference each CAD object ͑AEC_ ObjectID and Level ID͒. We use the attribute AEC_ Object ID because it combines the ADT referenced drawing number and the Handle ID. These IDs, together with the Level ID, do not change with the opening and closing of drawings in ADT ͑in contrast with Object_ ID͒. Import Table in VBA Application. All drawings in the project are then opened in ADT using the Project Navigator. To find all corresponding objects in ADT that are listed in the finished object table, we built a Microsoft Visual Basic Application ͑VBA͒ within ADT. This VBA application opens the MS Access database and based on the finished object table, finds all the instances of objects in the CAD drawings.
Make Finished Objects Visible. If the attributes AEC_ ObjectID and Level ID of the finished CAD object in the table and the CAD object in the drawing are the same then we make that object visible in ADT. Drawings of the same project with finished objects are then grouped together to create a 4D snapshot at the specified date.
Challenges
The primary challenge at the current time is the treatment of work in progress, especially when a PCBS component represents a collection of CAD objects, while at the same time minimizing the proliferation of schedule activities. Although this is not a significant constraint given the shortness of activity durations for the type of repetitive project work considered herein, it limits the completeness of the model. Another challenge, which can also be viewed as a benefit, is ensuring consistency between the CAD and scheduling product models, and within the scheduling system, between the product and process models. Work is underway to develop checks for each in order to ensure the accuracy of both models.
Critique
The case study implementation demonstrates the benefits of linking a linear planning scheduling system with a 3D CAD model. It also highlights the limitations of our current implementation.
Benefits
4D Snapshots in Conjunction with Linear Planning Charts Provide Increased Insight into the Workability of a Scheduling Strategy
Shown in Fig. 7 are as-planned LP charts as of month's end for each of December, February, March, and April, and the corre- sponding CAD representation for progress to date. Practiced use of the LP representation can provide valuable insights into the workability of a schedule in terms of how well production rates are matched, opportunities for work continuity, the spatial separation of different types of work, work intensity at specific locations versus time and number of trades active at any one time and where. As well, the LP representation provides transparency to both internal ͑invisible to the casual observer͒ and visible external work. Nevertheless, its treatment of space is restricted, and even if the location dimension is scaled to represent relative size of locations, the schedule representation cannot provide the kind of geometric insights offered by the 4D CAD representation, as shown on the left-hand side of Fig. 7 . Taken together, they provide a very potent means of assessing the feasibility of a schedule, and in communicating progress status at any arbitrary point in time.
Quantities Can Be Automatically Calculated from the CAD Model and Aggregated across Components and Locations
Our approach allows quantities to be automatically calculated at different levels of detail depending on the needs of the scheduler. As illustrated in Table 2 , quantities can be calculated at the site level ͑e.g., gross area of the ground floor͒, at the component class level ͑e.g., the formwork area of the concrete core͒, and at the component type level ͑e.g., the formwork area for 1 ϫ 1 columns͒ for different locations. Equations can be set up to calculate activity durations automatically based on these quantities. This provides considerable power when creating a schedule and monitoring activity progress. Moreover, this information is central for productivity analysis and explaining the reasons for performance problems.
Links between CAD Objects and Activities Can Be Maintained More Easily
A critical challenge in 4D modeling is creating and maintaining the links between CAD objects and schedule activities, particularly as the design evolves and changes ͑Staub-French and Fischer 2001͒. Our approach partly addresses this challenge by providing a more general way of linking the product models on both the CAD and scheduling sides. Essentially we link objects at the class level rather than the instance level and through the different product models rather than linking CAD objects and activities directly. This type of linking mechanism minimizes the number of links that need to be made, and eliminates the need to manually relink CAD objects and activities as the design and schedule changes ͑i.e., there tends to be more constancy in the product model than in the process model͒. Table 3 summarizes the key functionality required to create and maintain 4D linkages and critiques our approach in comparison with current 4D modeling approaches. As illustrated in Table 3 , the general linking mechanism offered in our approach makes it significantly easier to create and maintain links as new CAD objects and activities are added or changed.
Product Models Can Be Checked for Completeness and Consistency
Getting both the design and schedule "right" contributes significantly to the timely delivery of the project and reduces the potential for changes and disputes. Our approach builds on product models from both a design and construction perspective, which can be used to check the completeness of each model and ensure consistency between the models. On the scheduling side, the CAD model can be used to validate the completeness of the prod-uct model created in REPCON and the resulting schedule that builds on this representation. For example, if the scheduler using REPCON forgot to include a particular system in the PCBS ͑e.g., Interior Walls͒, then the resulting schedule created would mistakenly exclude this scope of work as well. Our approach provides a framework for ensuring that the PCBS and resulting schedule includes all the necessary design components. Conversely, on the CAD side, the PCBS in REPCON provides a foundation for checking the completeness of the CAD model in terms of representing construction components. For example, the PCBS could have a shoring element which should also be represented in CAD to have a complete 4D model.
Limitations
Programming in Visual Basic Has Limited Functionality
Our application was created using MS Access with programming completed in Visual Basic, which affected our ability to access all of the relevant CAD and schedule data. ADT is built on Cϩϩ, and as a result, we could not fully access the CAD objects' handle and properties. We had to import several reference libraries of objects to manipulate the objects in CAD. On the scheduling side, MS Access does not fully support the hierarchical structure of the REPCON database. Consequently, we changed the data structure from REPCON to "flat" files when exporting, which created additional work in terms of manipulating the MS Access databases to represent these hierarchical relationships. Future versions of the application will utilize a more robust programming language and take advantage of richer standards for exchanging data between applications, such as XML.
Our Application Is Built on a Specific CAD Application
As stated previously, we chose to work with ADT as the CAD application because of its ease of use, its ability to create Building Information Models, and because it is a popular and well known CAD application. The downside of this approach is that our application is tied exclusively to ADT and thus, cannot work with CAD models created in other applications ͑e.g., Revit or Ar-chiCAD͒. The Industry Foundation Classes ͑IFC͒ could provide a useful standard for representing design data generically, however, We use the product model in REPCON to link with styles and levels in CAD. Therefore, CAD objects and activities are linked through this mechanism. Users have to manually map styles onto PCBS components but this is done at a more general level and thus, requires fewer links. Create new CAD objects New CAD objects need to be relinked or new links created.
If new objects have the same style as other components in the CAD model, then these new objects do not need to be linked.
Create new activities
New activities need to be relinked or new links created. In REPCON, PCBS components and activities are linked together already and don't have be reconsidered. However, the user does have to associate any new activities to existing PCBS components.
Change existing links between CAD objects and schedule activities
Changing the links between CAD objects and activities is a challenge because previous linkages must be deleted before the new linkages can be established.
Changes to the links can be done through the product model mapping. As long as the links between the two product models remains unchanged, changes to objects and activities do not have to be relinked, these links will automatically be maintained through the product model. the quality of IFC outputs from some CAD applications can still be flawed ͑Ma et al. 2006͒. Next steps will investigate the feasibility of using the IFC's as the medium for exchanging CAD data.
Work in Progress Is Not Shown in the 4D Snapshots
To represent the status of construction at a given point in time, we created a Time Contour from REPCON that flags the physical components as either being completed ͑value of 1͒, or not yet started ͑value of 0͒ as of a specific progress date, given the break down of activity work on a location by location basis. Hence, we currently do not represent elements that are partially complete. Given the shortness of activity durations for this type of repetitive work, this is not a significant limitation, though it does limit the completeness of the 4D model. We are currently looking into ways of distinguishing activities in progress from those that are completed ͑e.g., using color, transparency, etc.͒.
Degree of Automation Is Limited
Greater automation of the mappings between PCBS components in REPCON and CAD objects in ADT and the transfer of quantity information from CAD to REPCON could be achieved. To support the mappings will require some initial set up, perhaps in a user-defined "matching" template, to deal with the multiple kinds of mappings shown in Table 1 . Similarly, for the quantities, there will need to be some user intervention to account for the different modes of aggregations and to ensure units are matched appropriately. However, our observations from the case study implementation suggest that this is possible. Work is underway to address this limitation.
Conclusions
Described in this paper is an approach that capitalizes on the strengths of a generalized implementation of linear planning coordinated with a 3D CAD model to produce 4D CAD images. Key contributions of the approach include the ability to support multiple product models, multiple mappings between product models, and multiple schedule visualizations.
The ability to represent multiple product models is novel and central to our approach. We define a product model on the scheduling side that is associated with schedule activities as well as mapped onto the CAD product model. Multiple product models are necessary to provide a flexible system that allows designers and contractors to represent their different interpretations of the design explicitly. Contractors are able to work with groupings of things ͑e.g., columns on Level 2͒ without limiting designers' ability to define components at the instance level ͑e.g., 1 ϫ 1 columns on Level 2͒. This representation provides considerable power in that the completeness of each of the product models can now be easily validated, and the mapping between product models can be represented more generically.
Multiple kinds of mappings between the two product models are necessary to account for the different levels of granularity in the design and schedule product models. As mentioned previously, contractors need to group CAD components at different levels of detail and locations to reflect the kinds of aggregation found in schedule representations of a project. Our unique approach addresses this challenge by supporting multiple kinds of mappings, and by representing the mappings at the class level rather than the instance level. Our approach allows mappings to be made regardless of the variability on the design side or the level of detail on the scheduling side. The power of this type of linking between the product models is that it enables one to more easily generate and maintain the links between product and process views.
The ability to juxtapose linear planning charts with 4D CAD snapshots is particularly useful in understanding the overall scheduling approach and the relationships between activities. These two visualization mediums are quite complementary and together help to tell a more complete story of a particular scheduling strategy. Although traditional bar charts are useful, they are difficult to relate to a 4D image. The strength of our approach is that we are utilizing the power of a linear planning model that is able to produce a variety of visualizations, including bar charts, linear charts, and now 4D snapshots, that are necessary to understand the schedule and communicate its content to a variety of stakeholders.
In summary, benefits of the approach include a two-way flow of data between scheduling and CAD, the ease with which large scale projects with repetitive elements can be modeled, and the added value that a 4D representation in combination with a linear planning schedule representation can provide in order to generate insights into the quality and workability of a schedule. Other virtues of the approach include the ease with which alternative construction strategies can be explored and visualized, validation of the completeness and consistency of the CAD and scheduling product models, and the ability to maintain links between CAD objects and activities as the design and schedule change. Ongoing work is focused on: completing the two-way flow of data, especially with respect to component attribute values back to scheduling for purposes of duration estimation; how best to represent work started but not yet completed; testing the scalability of the approach on large projects, including vertical and horizontal scaling; enhancing the construction representation to include further breakdown of locations ͑e.g., zones͒ in REPCON and temporary work and equipment in CAD; and addressing challenges with product model mapping.
